The persistent malattachment of microtubules to chromosomes at kinetochores is a major mechanism of chromosomal instability (CIN) [1, 2] . In normal diploid cells, malattachments arise spontaneously and are efficiently corrected to preserve genomic stability [3] . However, it is unknown whether cancer cells with CIN possess the ability to efficiently correct attachment errors. Here we show that kinetochore microtubule attachments in cancer cells with CIN are inherently more stable than those in normal diploid RPE-1 cells. The observed differences in attachment stability account for the persistence of malattachments into anaphase, where they cause chromosome missegregation. Furthermore, increasing the stability of kinetochore microtubule attachments in normal diploid RPE-1 cells, either by depleting the tumor suppressor protein APC or the kinesin-13 protein MCAK, is sufficient to promote chromosome segregation defects to levels comparable to those in cancer cells with CIN. Collectively, these data identify that cancer cells have a diminished capacity to correct erroneous kinetochore microtubule attachments and account for the widespread occurrence of CIN in tumors [4] .
Results
The origin and contribution of chromosomal instability (CIN) in cancer have long been a mystery [4, 5] . CIN is characteristic of many solid tumors and is a major cause of aneuploidy [6] . It positively correlates with poor prognosis and drug resistance, presumably by promoting genetic plasticity [7] [8] [9] and tumor cell heterogeneity [10] . The most common pathway leading to chromosome missegregation and CIN in cancer cells is lagging chromosomes [1, 2] . Chromosomes lag at anaphase as a result of malorientation, in which kinetochores simultaneously bind to microtubules emanating from opposite spindle poles (merotely) [11] . These attachment errors are not detected by the spindle assembly checkpoint (SAC) [11] . The prevalence of merotelic attachments is governed by the rate at which they form and the rate at which they are corrected. In normal diploid cells, merotelic attachments commonly form in early mitosis as a result of stochastic kinetochore microtubule interactions and are corrected by the release of maloriented microtubules prior to anaphase onset [3] . The correction process is enabled by the dynamic kinetochore microtubule interface where microtubules continuously attach and detach from kinetochores at rates that govern the overall stability of the attachment [12] . Thus, high levels of merotelic attachments in cancer cells with CIN may be caused by either increased generation or reduced elimination of these erroneous attachments. It was recently shown that transient defects in spindle geometry in cancer cells, such as those caused by supernumerary centrosomes, elevate the incidence of merotelic attachments, indicating that some cancer cells with CIN have excessive rates of formation of attachment errors [13, 14] . However, it is unknown whether cancer cells have an inherent defect in the ability to correct merotelic attachment errors once they arise. Uncovering such defects would present new targets to suppress CIN and inspire novel strategies to prevent tumor progression and metastasis.
Cancer Cells Have Hyperstable Kinetochore Microtubules
To assess the efficiency with which cancer cells with CIN correct merotelic attachments, we measured the dynamics of kinetochore microtubules in cells expressing photoactivatable GFP-tubulin (PA-GFP-tubulin). We used fluorescence dissipation after photoactivation (FDAPA) of spindle microtubules to evaluate the stability of kinetochore microtubule attachments by measuring the half-life, t 1/2 , of kinetochore microtubules [2, 12, 15] (Figure 1A ; Experimental Procedures). We had previously performed this analysis in only one cancer cell line that exhibits CIN (U2OS) [2] , but here we extend our analysis to evaluate a variety of other cancer cells with CIN that were able to tolerate stable expression of PA-GFP-tubulin (U251, U118, U87, and DAOY). We chose these cell lines because they have been karyotypically defined as grossly aneuploid (data not shown), they represent three different tissues of origin (U2OS is an osteosarcoma-derived cell line; U251, U118, and U87 are glioblastoma-derived cell lines; DAOY is a medulloblastoma-derived cell line), and they have each been established in culture for many years. We chose RPE-1 cells as a chromosomally stable diploid cell line for comparison to these CIN cell lines. RPE-1 cells are nontransformed, chromosomally stable, and routinely used in the mitosis field to represent normal cells [13, 16] . Stable expression of PA-GFP-tubulin does not affect the basal rates of lagging chromosomes [2] . Fluorescence decay fit a double-exponential decay curve (r 2 > 0.99), with the fast-and slow-decaying fluorescence corresponding to unstable (nonkinetochore-associated) and stable (kinetochore-associated) microtubule populations, respectively [2, 12] (Figure 1B) . Strikingly, the half-life of kinetochore microtubules was significantly higher in all CIN cell lines examined than in nontransformed diploid RPE-1 cells at either prometaphase, metaphase, or both ( Figures 1A and 1C ). This indicates elevated kinetochore microtubule attachment stability in cancer cells with CIN. Accordingly, the frequencies of lagging chromosomes observed in these cells strongly correlated with the extent of overall attachment stability ( Figure 1C) . Indeed, increased stability of kinetochore microtubule attachments in either prometaphase or metaphase correlated with elevated frequencies of lagging chromosomes in anaphase, indicating that a global change in kinetochore microtubule attachment stability in either phase of mitosis can be sufficient to elevate *Correspondence: duane.a.compton@dartmouth.edu rates of lagging chromosomes. All cells examined produced a robust arrest when treated with the microtubule-depolymerizing drug nocodazole for 16 hr, indicating that they have a functional SAC (see Figure S1 available online). Although some cell lines had increased rates of monopolar and multipolar spindles in prometaphase (Table S1 ), these spindle defects did not always correlate with the observed rates of lagging chromosomes (for example, compare RPE-1 with U2OS in Table S1 ). This indicates that spindle geometry defects are insufficient to account for the elevated frequency of lagging chromosomes in all cancer cell lines with CIN. These data also indicate that the prevalence of lagging chromosomes in cancer cell lines with CIN may arise as a result of global increase in the stability of kinetochore microtubule attachments (both proper and improper), which would then delay the release of improperly attached microtubules.
Increased Kinetochore Microtubule Stability Accounts for Reduced Correction of Merotelic Attachments
To assess whether the observed differences in overall kinetochore microtubule stability between normal cells and cancer cells with CIN account for physiologically relevant differences in the ability of cells to correct merotelic attachments, we combined our data with quantitative electron microscopy of kinetochore microtubule attachments in PtK1 cells [17] . Although they are derived from a different species, these cells exhibit similar kinetochore microtubule dynamics to RPE-1 cells at similar temperatures [12] (kinetochore microtubule t 1/2 = 5.3 6 0.8 min and 4.7 6 1.05 min for PtK1 and RPE-1 cells, respectively, p = 1.7, t test). We estimate that in RPE-1 cells at prometaphase and metaphase, individual microtubules are released from kinetochores every w12 and w20 s, respectively ( Figure S2A ; Supplemental Experimental Procedures). This means that the turnover of an entire kinetochore fiber (all microtubules attached to an individual kinetochore) takes place within w3 min at prometaphase and w7 min at metaphase and that the mean lifetime of individual kinetochore microtubule attachments (including proper and improper attachments) is unlikely to exceed these durations ( Figure S2B ). Conversely, in cancer cells with CIN, kinetochore microtubules turn over at much slower rates. For instance, in U118 cells, single microtubules are released at metaphase on average once every w40 s, resulting in the turnover of the entire kinetochore fiber in w18 min. Thus, the expected mean lifetime of merotelic attachments is much higher than that of normal cells ( Figure S2B ) and reaches the time in which RPE-1 cells complete the transition from nuclear envelope breakdown to anaphase onset (w19 min) [16] . Previous work showed that prolonging metaphase only slightly reduces the number of merotelic kinetochores, indicating that merotelic attachments continuously form during mitosis [3] . Therefore, elevated mean lifetimes of individual attachment errors can account for reduced correction efficiencies and for increased rates of chromosome missegregation in cancer cells with CIN. This is consistent with observations that chromosomally stable cells exhibit fewer lagging chromosomes than cancer cells with CIN when both are subjected to the same drug treatments that artificially increase kinetochore microtubule attachment errors [1, 2, 13] . It is important to note that at the turnover rates measured for both RPE-1 and the different cancer cell lines, we estimate that kinetochore microtubule occupancy would not reach saturation, similar to direct observations in PtK1 cells.
Stabilizing Kinetochore Microtubule Attachments in Diploid RPE-1 Cells Causes Chromosome Segregation Defects Stabilizing kinetochore microtubule attachments in cancer cells has been shown to increase the inherent frequency of lagging chromosomes [2, 18] . However, it is yet to be determined whether increasing attachment stability is by itself sufficient to induce chromosome segregation defects in otherwise chromosomally stable and diploid human cells. To test this, we used RNA interference (RNAi) to deplete RPE-1 cells of the microtubule-depolymerizing kinesin MCAK ( Figure S3A ). MCAK depletion does not affect spindle geometry [2] . However, it led to a significant increase in kinetochore microtubule stability in RPE-1 cells, making their kinetochore microtubule attachments as stable as those in cancer cells with CIN (Figure 1C) . Accordingly, depletion of MCAK from RPE-1 cells led to frequencies of lagging chromosomes that were comparable to those in cancer cells with CIN ( Figure 1C ). This indicates that an increase in kinetochore microtubule attachment stability alone is sufficient to generate chromosome segregation defects similar to those observed in cancer cells with CIN and supports our proposition that deviant kinetochore microtubule dynamics underlie CIN in many cancer cells.
Many alterations in cancer cells have been shown to lead to CIN [19] [20] [21] [22] [23] . However, the mechanism for how those changes cause persistent chromosome missegregation is poorly understood. To test whether kinetochore microtubule stability is perturbed by the disruption of genes whose loss of function is associated with CIN in cancers, we depleted the adenomatous polyposis coli (APC) tumor suppressor protein from nontransformed diploid RPE-1 cells ( Figure S3B ). APC is a kinetochore-localized microtubule-associated protein whose function is frequently disrupted in colorectal cancers with CIN [19, [24] [25] [26] , making it a good candidate for testing our hypothesis. In line with previous reports [24, 25] , its depletion led to a significant increase in the frequencies of lagging chromosomes in RPE-1 cells at anaphase (Figure 2A) . Interestingly, APC-deficient RPE-1 cells also showed a significant increase in kinetochore microtubule half-life during prometaphase, indicative of hyperstable kinetochore microtubule attachments ( Figure 2B ). There were no noticeable defects in spindle geometry or the SAC in these cells (data not shown). We reasoned that if APC depletion induces chromosome segregation defects by stabilizing kinetochore microtubule attachments, then independently destabilizing these attachments should suppress frequencies of lagging chromosomes in APC-deficient cells. We previously showed that overexpression of the microtubule-depolymerizing kinesins Kif2b or MCAK in cancer cells with CIN destabilizes kinetochore microtubule attachments, reduces the frequencies of lagging chromosomes, and suppresses CIN [2] . Accordingly, overexpression of GFP-Kif2b, but not GFP-MCAK, GFP-Kif2a, or GFP-tubulin, significantly suppressed the frequencies of lagging chromosomes in APC-deficient RPE-1 cells (Figure 2A) . It is unclear why overexpression of GFP-MCAK was unable to rescue the lagging chromosomes observed upon APC depletion. One possibility is that this reflects a higher inherent microtubuledepolymerizing activity of Kif2b relative to MCAK. Nevertheless, this result shows that hyperstable kinetochore microtubule attachments are a primary mechanism of chromosome missegregation in APC-deficient RPE-1 cells.
To further investigate the defects that may influence kinetochore microtubule attachment dynamics, we determined the relative abundance of several spindle proteins. Mitotic cells were collected following treatment with low doses of nocodazole, and quantitative immunoblotting was used to measure protein abundance relative to actin as an internal control. Mitotically arrested cancer cell lines with CIN showed significant disparity in levels of various spindle proteins when normalized to the levels in chromosomally stable, diploid RPE-1 cells (Figure 3A) . For example, U118 cells had elevated levels of EB1 but near-normal levels of ZW10, but U87 cells had modestly reduced levels of EB1 and very low levels of ZW10. These data do not discriminate between bystander perturbations and disruptions that are causally related to CIN, and variation in protein level would be observed regardless of which cell is used for normalization. However, relative to RPE-1 cells, these results show that there is large variation in the abundance of various spindle-associated proteins in mitosis and that altered expression in any of these proteins may contribute to changes in the dynamics of kinetochore microtubule attachments.
Discussion
CIN is commonly caused by kinetochore microtubule attachment errors [1, 2] , whose occurrence is dictated by both the rate of their formation and the rate of their correction. Our data demonstrate that cancer cells with CIN have an inherent defect in the rate of correction of kinetochore microtubule attachment errors. The rate-limiting step in correcting these inappropriate attachments is the release of maloriented microtubules [27] . Whereas our data do not exclude models invoking the selective recruitment of the correction machinery to kinetochores with erroneous attachments [28] , they support the proposition that excessive overall stability of kinetochore microtubule attachments in cancer cells reduces their correction efficiency, compromising faithful chromosome segregation ( Figure 3B ). Because kinetochores have a bias to capture microtubules emanating from the spindle pole they face [27] , once merotelically attached microtubules are released, they are likely to be replaced with properly oriented ones. We cannot currently resolve whether properly and improperly oriented kinetochore microtubules have different turnover rates, but our data show that global increases in kinetochore microtubule attachment stability are sufficient to generate chromosome segregation errors associated with CIN in otherwise normal diploid RPE-1 cells. This indicates that indiscriminate changes (increases or decreases) in overall kinetochore microtubule attachment stability directly impacts chromosome segregation fidelity. These data also explain the occurrence of CIN in cancer cells with normal numbers of centrosomes [13, 14] and why normal diploid RPE-1 cells still exhibit fewer lagging chromosomes than cancer cells with CIN when both are treated with drugs that artificially increase merotelic attachments [1, 2] . It was recently shown that the presence of extra centrosomes contributes to CIN in cancer cells by increasing the rate of formation of kinetochore microtubule attachment errors [13, 14] , and additional chromosome missegregation would be expected if inherent defects in error correction were combined with increased rates of formation of merotelic attachments through acquisition of extra centrosomes. Yet these data provide a compelling account for the widespread occurrence of CIN in tumors regardless of the number of centrosomes present [4, 5] and explain why promoting kinetochore microtubule dynamics leads to the suppression of CIN in four independent cancer cell lines that were derived from three different types of human tumors (U2OS [2] , MCF-7 [2] , U251, and U118 [data not shown]). The prevalence of merotelic kinetochores is higher in prometaphase than in metaphase [3] . This implies that the majority of correction of erroneous kinetochore microtubule attachments occurs during early mitosis, and it explains why increasing the overall stability of kinetochore microtubule dynamics in early mitosis is most detrimental to chromosome segregation fidelity [2] . However, extending the duration of metaphase only slightly reduces the numbers of merotelically attached kinetochores [3] . Moreover, increasing kinetochore microtubule attachment stability selectively during metaphase leads to a significant increase in the frequencies of lagging chromosomes ( Figure 1C ) [2] . Thus, the formation of merotelic attachments is ongoing, even during metaphase, and the dynamics of kinetochore microtubule attachments must remain regulated throughout mitosis. This explains why cancer cells displaying excessively stable kinetochore microtubule attachments only in metaphase exhibit CIN.
Relatively minor perturbations in kinetochore microtubule attachment dynamics may be sufficient to exceed the maximum threshold of attachment stability required for faithful chromosome segregation. These perturbations can arise through mutations in single genes whose products play important roles in kinetochore function (e.g., APC) or through global imbalance in levels of proteins involved in regulating microtubule dynamics by epigenetic mechanisms or spontaneous chromosome missegregation. It may not be feasible to identify a single culprit responsible for CIN, given that imbalances in any one protein might be sufficient to disturb normal kinetochore microtubule dynamics and that perturbations in levels of some proteins may buffer effects of perturbations in others. Nevertheless, a mechanism that generates CIN through imbalances in proteins that regulate kinetochore microtubule attachment dynamics would fit with the observation that CIN appears genetically dominant in cell fusion assays [6] . Moreover, persistent chromosome missegregation would trigger further misregulation of kinetochore microtubule dynamics in such a way that CIN may be a self-propagating process.
Experimental Procedures GFP-Tubulin Photoactivation As previously described [2, 12, 15] , mitotic cells were identified by differential interference contrast (DIC) microscopy, and several pulses from a micropoint laser (Photonic Instruments) were used to photoactivate an area of <2 mm 2 of GFP within the spindle. Images were acquired with a Hamamatsu Orca II camera binned 2 3 2 with a 633, 1.4 NA objective on a Zeiss Axioplan 2 microscope. Fluorescence image stacks in the z axis were collected containing three images, each separated by 1 mm before and <1 s after photoactivation. Similar image stacks were subsequently collected every 30 s, and measurements were performed with the single focal plane in which the fluorescence was most in focus. DIC microscopy was then used to verify that cells did not undergo anaphase.
Photoactivation Analysis
FDAPA analysis was performed primarily as described previously [2, 12, 15] . Briefly, pixel intensities were measured within a square area (12 3 12 pixels) surrounding the region with the brightest fluorescence. Pixel intensities from an equally sized area from the opposite half-spindle were subtracted. Correction for photobleaching was made by normalizing to values obtained from photoactivated taxol-stabilized spindles where the photoactivatable region clearly did not dissipate. Bleaching-induced decrease in average fluorescence after 30 captured images was 35%. For each cell, fluorescence values were normalized to the first time point after photoactivation. Normalized fluorescence was then averaged for multiple cells at each time point. A double exponential regression analysis was used to fit the data to the equation FðtÞ = A 1 e 2 k1t + A 2 e 2 k2 t , where F(t) is measured photoactivated fluorescence at time t and A 1 and A 2 represent less (nonkinetochore-associated) and more (kinetochore-associated) stable microtubule populations with decay rate constants of k 1 and k 2 , respectively.
Cell Culture
Cells were maintained at 37 C in a 5% CO 2 atmosphere in Dulbecco's modified Eagle's medium (DMEM) or McCoy's medium containing 10% fetal bovine serum, 50 IU/ml penicillin, and 50 mg/ml streptomycin. For plasmid selection, cells were maintained in 0.5-1.0 mg/ml of G418 (geneticin).
Antibodies
The following antibodies were used: MCAK-specific antibody [29] , tubulinspecific mAb DM1a (Sigma-Aldrich), CREST-specific antibody (provided by K. Sullivan), APC-specific antibody (provided by Y. Ahmed), actinspecific mAb (provided by H. Higgs), EB1-specific antibody (Santa Cruz Biologicals), aurora B-specific antibody (Novus Biologicals), HURP-specific antibody (Bethyl Labs), protein phosphatase 1 (PP1)-specific antibody (Santa Cruz Biologicals), Hec1-specific antibody (Novus Biologicals), astrin-specific antibody [30] , TPX2-specific antibody [31] , and ZW10-specific antibody (provided by C. Rieder).
RNA Interference and Plasmid Transfection
Published sequences were used to deplete MCAK [29] , and a prevalidated RNAi sequence used to deplete APC was purchased from Ambion. Doublestranded RNA (dsRNA) (70-200 nM, Ambion) was transfected into cells with Oligofectamine reagent (Invitrogen) as previously described [29] , and cells were analyzed w70 hr after transfection. Plasmids encoding GFP-tagged Kif2a, Kif2b, and MCAK were provided by L. Wordeman (University of Washington). Cells were transfected with plasmid DNA with the Lipofectamine reagent (Invitrogen).
Indirect Immunofluorescence Microscopy
Cell fixation and antibody staining, used to determine spindle morphology in Table S1 and to score lagging chromosomes in Figure 1 , were performed as previously described [29] . Cells were fixed with either ice-cold methanol or with 1% glutaraldehyde when staining for microtubules, DNA, or CREST (kinetochores). Cells were scored with a Zeiss Axioplan 2 microscope with 633 and 1003, 1.4 NA objectives or a Nikon TE-2000E microscope with a 603, 1.4 NA objective. To score lagging chromosomes in anaphase, we stained microtubules with a tubulin-specific antibody, kinetochores with a CREST-specific antibody, and DNA with DAPI.
Drug Treatments
For experiments in Figures S1 and S3, 0.1 mg/ml of nocodazole was used and cells were arrested for w16 hr.
Supplemental Data
Supplemental data include Supplemental Experimental Procedures, three figures, and one table and can be found online at http://www.cell.com/ current-biology/supplemental/S0960-9822(09)01768-0.
